Abstract The present work identifies two types of La Niña based on the spatial distribution of sea surface temperature (SST) anomaly. In contrast to the eastern Pacific (EP) La Niña event, a new type of La Niña (central Pacific, or CP La Niña) is featured by the SST cooling center over the CP. These two types of La Niña exhibit a fundamental difference in SST anomaly evolution: the EP La Niña shows a westward propagation feature while the CP La Niña exhibits a standing feature over the CP. The two types of La Niña can give rise to a significantly different teleconnection around the globe. As a response to the EP La Niña, the North Atlantic (NA)-Western European (WE) region experiences the atmospheric anomaly resembling a negative North Atlantic Oscillation (NAO) pattern accompanied by a weakening Atlantic jet. It leads to a cooler and drier than normal winter over Western Europe. However, the CP La Niña has a roughly opposing impact on the NA-WE climate. A positive NAO-like climate anomaly is observed with a strengthening Atlantic jet, and there appears a warmer and wetter than normal winter over Western Europe. Modeling experiments indicate that the above contrasting atmospheric anomalies are mainly attributed to the different SST cooling patterns for the two types of La Niña. Mixing up their signals would lead to difficulty in seasonal prediction of regional climate. Since the La Niña-related SST anomaly is clearly observed during the developing autumn, the associated winter climate anomalies over Western Europe could be predicted a season in advance.
Introduction
The El Niño-Southern Oscillation (ENSO) represents a periodic fluctuation between warm (El Niño) and cold (La Niña) conditions in sea surface temperature (SST) over the central to eastern tropical Pacific (Philander 1990; McPhaden et al. 2006) . As one of the most important coupled ocean-atmosphere phenomenon, the ENSO has received extensive public attention because of its profound global climate impacts (e.g., van Loon and Madden 1981; Halpert 1987, 1996; Trenberth and Caron 2000) . By now, the linkage between ENSO and the climate in the North Pacific and North America has been well understood and is usually referred to as the ''Pacific-North America'' (PNA) teleconnection (e.g., Wallace and Gutzler 1981; Branston and Livezey 1987) . However, climate responses to ENSO over the North Atlantic (NA)-Western European (WE) sector are controversial.
In the 1980s and early 1990s, early studies showed that ENSO-related precipitation and temperature anomalies are almost absent over the NA-WE region (Ropelewski and Halpert 1987; Halpert and Ropelewski 1992) . The viewpoint is supported by later studies that the climate signal of ENSO over the NA-WE sector is difficult to be detected because of the large inter-event variability (see an extensive review by Brönnimann 2007) . This non-stationary behavior is possibly due to some modulating factors, such as the complexity of ENSO itself (Greatbatch et al. 2004) , natural (or internal) variability in the extratropical circulation (Kumar and Hoerling 1998) , tropical volcanic eruptions (Brönnimann et al. 2007a) , and other climate signals independent of ENSO (e.g., Mathieu et al. 2004; Garfinkel and Hartmann 2010) . Nevertheless, the argument of the absence of ENSO signal over the NA-WE region was challenged by numerous studies (e.g., Brönnimann et al. 2007b; Ineson and Scaife 2009; Li and Lau 2012) . These studies argued that a significant ENSO signal is found over the region of Europe despite the large interevent variability. A canonical El Niño response in late winter is suggested to be accompanied by a negative North Atlantic Oscillation (NAO)-like pattern with a colder and drier than normal weather, and the La Niña has a largely opposing impact (e.g., Gouirand and Moron 2003; Brönnimann et al. 2007b) . In comparison, the NA atmospheric response to La Niña is found to be much more stable than that due to El Niño during winter (Pozo-Váz-quez et al. 2005) . Since the NA atmosphere shows higher predictability associated with the La Niña compared to the El Niño, our focus of this study is on the NA-WE atmospheric response associated with La Niña events.
Recent studies argued that a new type (or flavor) of El Niño, in addition to the conventional El Niño, occurs more frequently in the recent decades with its maximum center over the central equatorial Pacific rather than the eastern Pacific (EP) (Larkin and Harrison 2005; Ashok et al. 2007; Kao and Yu 2009; Kug et al. 2009; Yeh et al. 2009; Ren and Jin 2011; Wang and Wang 2013) . In particular, the new type of El Niño becomes the dominant mode after the late 1990s (Xiang et al. 2013) . For convenience, EP and CP El Niños are referred to as the conventional and the new type of El Niño herein, respectively. Many studies have reported the importance of the CP El Niño in terms of its distinctly different climate impacts from the EP El Niño Taschetto and England 2009; Feng et al. 2010; Li 2011, 2013; Lee et al. 2010; Zhang et al. 2011 Zhang et al. , 2012 Zhang et al. , 2013 Xie et al. 2012; Yu et al. 2012; Afzaal et al. 2013) .
The La Niña diversity is also concerned in its impact on extratropical atmosphere, such as over East Asia (e.g., Wang et al. 2012 ). At present, there appears a scientific consensus on the occurrence of the new type of El Niño, however, whether La Niña events can be separated into two types remains open to debate. Some studies suggested that the zonal location of the maximum SST anomaly center does not show apparent change for individual La Niña event Kug and Ham 2011; Ren and Jin 2011) . On the contrary, some other studies argued for the existence of two types of La Niña (e.g., Cai and Cowan 2009; Shinoda et al. 2013) . For example, the CP La Niña is argued to be clearly distinguished from the EP La Niña events in terms of ocean surface currents through analyzing recent satellite data (Shinoda et al. 2013) . So far, the fundamental dynamics is not well understood that is used to explain differences in the generation and maintenance of two types of ENSO. Given unclear dynamical mechanisms, one possible way to distinguishing them is to investigate the associated local circulation and extratropical teleconnections. The analyses performed in this paper show that the winter atmospheric anomalies over the NA-WE region are very different from each other for these two types of La Niña. The result, on the one hand, will provide a possible indirect evidence for the existence of different flavors of La Niña. On the other hand, the necessity is emphasized to separate the La Niña events into two types when analyzing their associated extratropical climate impacts. Mixing up their signals would increase difficulty in seasonal prediction of the climate particularly over the NA-WE sector.
The purpose of the study is to explore the different teleconnection patterns and their associated climate anomalies over the NA-WE sector for the two types of La Niña. In the remainder of the paper, Sect. 2 describes data, methodology, and model experiments. Section 3 illustrates SST anomaly patterns for the two types of La Niña and its associated atmospheric responses over the tropical Pacific. Section 4 presents atmospheric responses over the NA-WE region. In Sect. 5, we explore possible mechanisms for the climate impacts on influencing the NA-WE climate associated with the two types of La Niña. Section 6 discusses asymmetry in influences of ENSO on the NA-WE climate. The major conclusions are summarized in Sect. 7.
Data and methodology

Observations
The monthly SST datasets used in this study are the global sea ice and SST analyses from the Hadley Centre (HadISST1) provided by the Met Office Hadley Centre (Rayner et al. 2003) . Atmospheric circulations were examined based on the National Centers for Environmental Prediction/National Center for Atmospheric Research (NCEP/NCAR) reanalysis data (Kalnay et al. 1996) . The precipitation data are taken from the Climate Prediction Center Merged Analysis of Precipitation (CMAP) (Xie and Arkin 1996) and the Global Precipitation Climatology Centre (GPCC) (Rudolf et al. 2005) . The surface temperature anomalies over WE are investigated using the Climate Research Unit (CRU) air temperature anomalies version 4 (CRUTEM4) (Jones et al. 2012) . Anomalies for all variables were conducted as the deviation from the 30-year climatological mean . The 1971-2000 average can also be defined as the climate mean, which does not influence qualitative results. The average over the entire period (1979-2009 ) is taken as the climate mean for the CMAP precipitation because the data are available after 1979. In order to remove possible influence associated with the long-term trend, all anomalies are linearly detrended over the period , except for the CMAP data over the period . The non-detrended data are also examined and the results are almost the same. Composite and regression analyses are employed to investigate differences in climatic impact associated with the two types of La Niña, using Student's two-tailed significance test.
Definition of two types of La Niña events
Unlike contrasting SST anomaly patterns associated with the two types of El Niño, Ren and Jin (2011) suggested that the La Niña events seem to be difficult to be clearly separated into two types based on their index. Based on the DJF (December-February) mean ENSO and ENSO Modoki indices ), half of events selected are the same in the two types of La Niña (Tedeschi et al. 2012) . It is also expected that the two types of La Niña events cannot be well distinguished based on the index defined by Kao and Yu (2009) , since the current indices of the twotype ENSO show high consistency . Considering the fact that the present ENSO indices cannot effectively distinguish the two types of La Niña events, we therefore identify the selection by an analysis of the spatial distribution of SST anomaly patterns. First, 17 La Niña winters are defined by the Climate Prediction Center (CPC) over the period 1951-2009 based on a threshold of -0.5°C for winter (DJF) mean Niño3.4 (5°S-5°N, 120°-170°W) SST anomaly. Then we identify seven EP La Niña winters (1954/55, 1955/56, 1964/65, 1971/72, 1984/85, 1995/96, and 2005/06) and seven CP La Niña winters (1973/74, 1974/75, 1975/76, 1983/84, 1988/89, 1998/99, and 2000/01) . The winters, having larger SST anomaly in the EP (CP) east (west) of 150°W during the developing and mature phases of La Niña, are classified into the EP (CP) La Niña winters. The longitude of 150°W is selected because it is a boundary of Niño3 (5°S-5°N, 150°-90°W) and Niño4 (5°S-5°N, 160°E-150°W) areas, which are usually used to define the two-type ENSO events (e.g., Kim et al. 2009; Kug et al. 2009 ). Other three years (1970/71, 1999/00, and 2007/08) are defined as the mixed type of La Niña, because the large cooling SST anomaly covers both the EP and CP during the mature phase. Their characteristics will be further discussed in Sect. 3. The year listed here corresponds to year(0)/year(1). The developing year of the La Niña event and the following year is designated as year(0) and year(1), respectively. A typical ENSO tends to develop during the spring season and lasts for roughly a year. However, long-lasting La Niña events are often observed, such as the events for 1954-56 and 1973-76 selected in this study. After excluding these events, the qualitative difference influencing conclusions is not detected.
Simulations
All model simulations are performed using the National Center for Atmospheric Research (NCAR) Community Atmospheric Model Version 5 (CAM5) (Neale et al. 2010) . CAM5 has been updated in many physical processes compared to the previous version. The version has a finite volume dynamic core with resolution of 1.9°longi-tude 9 2.5°latitude and 30 vertical levels. In the control run (CNTRL), CAM5 is driven by climatological (seasonal varying) SST and the results were derived as a reference state. A series of sensitive experiments listed in Table 1 were performed to compare the climate impacts of different SST anomaly patterns associated with the two types of La Niña. In the first simulation (EP cooling, EP_COOL), the cold SST anomaly during the EP La Niña winter is imposed on the monthly climatological SST from October to February in the tropical Pacific (30°S-30°N, 120°E-90°W). All anomalies outside of the region are set to zero. The second experiment (CP cooling, CP_COOL) designed is the same as the EP_COOL experiment, expect that the SST anomaly is the composition during the CP La Niña winter. The third experiment (CP warming, CP_WARM) is also the same as the EP_COOL and CP_COOL experiments, but the warming SST anomaly during the CP La Niña winter is added to the seasonally varying monthly climatological SST over the western tropical Pacific. In this experiment, we consider the possible impacts of the warming SST anomaly, since the positive SST anomaly appears significantly over the western tropical Pacific during the CP La Niña winter. In the fourth experiment (CP cooling and warming, CP_CW), we conduct sensitivity simulations where the CP_COOL and CP_WARM forcings are imposed together to inspect the combined contribution of the warming and cooling SST anomaly over the tropical Pacific during the CP La Niña winter. We also study possible effects of the cooling SST anomalies in the northern tropical Atlantic Ocean during the CP La Niña winter in the fifth experiment (Atlantic cooling, AT_COOL), since the significant cooling SST anomalies occur there. In the last experiment (CP and Atlantic cooling, CPAT_COOL), the CP_COOL and AT_COOL forcings are both imposed to examine their combined impacts on atmosphere. All simulations are integrated for 15 years and the last 10 years' integration was considered to exclude influence of the initial condition and the internal variability.
3 SST anomaly pattern and its associated atmospheric response over the tropical Pacific Figure 1 displays the seasonal evolution of the equatorial (5°S-5°N) SST anomaly for the above mentioned three types of La Niña. The evolution of the EP La Niña is similar to the conventional La Niña event ( Fig. 1a ) with its SST anomaly developing in the far EP and reaching its largest amplitude during November(0) and December(0). The evolution of the maximum centers indicated by marked crosses shows that the EP La Niña-SST anomaly propagates westward at a certain speed. During the developing and mature phase, the EP La Niña is manifested by larger cooling SST anomaly mainly confined in the eastern equatorial Pacific east of 150°W. In contrast to the EP La Niña, the CP La Niña exhibits a fundamental difference in the SST anomaly structure and its evolution (Fig. 1b) . Firstly, its action center is shifted westward into the central equatorial Pacific. Secondly, the SST anomaly almost does not propagate for the CP La Niña, representing a standing feature. The CP La Niña seems to be mainly associated with the local air-sea interaction that develops and decays in situ over the CP. As the CP La Niña develops, its SST anomaly also extends eastward and westward from the CP. Contrasting features of SST anomaly evolution associated with the EP and CP La Niña suggest that their underlying dynamics should be different, which provides a possible evidence for the existence of different types of La Niña. Such discussion has been given, for example, previous studies argued that the thermocline dynamics, as the most important dynamics for traditional (or EP) ENSO, seems to play a less important role on the CP ENSO (e.g., Kao and Yu 2009 ). For the mixed type of La Niña (Fig. 1c) , the SST anomaly center starts in the EP, and shifts slightly eastward in the developing phase. During the mature phase, the SST anomaly center propagates rapidly from the EP to the CP. The large negative SST anomaly stretches across the EP and CP during the mixed type of La Niña winter, mixing the SST anomalies associated with the EP and CP La Niña (not shown).
To further investigate the phase locking of La Niña, we use Niño3, Niño4, and Niño3.4 SST anomaly to denote the EP, CP, and mixed type, respectively. As shown in Fig. 2 , the EP and CP La Niña events exhibit an approximate feature during the developing phase. Both types of events reach the maximum around December(0) with almost the same intensity. After December(0), the CP La Niña enters a slower decay phase than the EP La Niña. For the mixed type of La Niña, it is characterized by much larger amplitude and the delayed occurrence of the mature phase by a month compared to the EP and CP La Niña. Again, the mixed type of La Niña exhibits its distinct feature and it seems necessary to classify them into a single group. Since the action center of the mixed-type La Niña covers the EP and CP as shown in Fig. 1 , it may mix signals of the EP and CP La Niña in terms of the extratropical atmospheric response. In this paper, the contrasting climate impacts of the EP and CP La Niña over the NA-WE sector are our focus, so the mixed type of La Niña will not be discussed in the remainder of the paper. Figure 3 shows the composite SST and surface wind anomalies during EP and CP La Niña winters. During boreal winter, the SST anomaly for the EP La Niña covers the CP and EP with the maximum center occurring in the EP. Almost no significant warming SST anomaly is found over other domain of the tropical Pacific. As a Rossby wave response (Gill 1980) to the cooling SST anomaly, a pair of anticyclone anomalies resides at each side of the central equatorial Pacific accompanying by easterly wind anomaly at the equator. In contrast, the cooling center of SST anomaly associated with the CP La Niña is displaced westward into the central equatorial Pacific west of 150°W with a weak SST anomaly in the far eastern equatorial Pacific. As shown in Fig. 3 , the amplitude of the CP La Niña appears to be stronger than that of the EP La Niña, with significant warming SST anomaly occurring in the northwestern and southwestern tropical Pacific. The weaker amplitude of the EP La Niña is possibly associated with the faster decaying rate in its SST anomaly (Fig. 2) . In comparison with the surface wind response to the EP La Niña, the pair of anticyclone anomalies occurring at both sides of the equator also shifts relatively westward into the western tropical Pacific (Fig. 3b) . It is notable that westerly anomaly occurring over the far eastern equatorial Pacific that is not observed in the EP La Niña composition could inhibit the cooling upwelling and thus weaken the SST anomaly there.
The tropical convection anomalies associated with the two types of La Niña are expected to be distinct due to their differing SST anomaly patterns (Fig. 4) . Because precipitation data over the tropical ocean are available since the late 1970s, the divergence of water vapor (integrated from surface to 300 hPa) is examined here to roughly reflect the precipitation anomaly based on the balance equation of the atmospheric water vapor (Yanai et al. 1973) . Corresponding to the EP La Niña, the associated convective anomaly center emerges mainly over the CP to the west of the negative SST anomaly center (Fig. 4a) . Enhanced precipitation indicated by the convergence of water vapor appears to the south and the north of the positive center and over the Philippine Sea. During the CP La Niña winter, the center of the negative precipitation is also located over the central tropical Pacific but shifted slightly westward compared to that during the EP La Niña winter (Fig. 4b) . The intensity of precipitation response to the CP La Niña is obviously stronger than that to the EP La Niña, which is associated with the stronger SST anomaly for the CP La Niña. Another possible reason is related to the different location of SST anomaly. Compared to the EP, the convection over the CP is much more sensitive to the SST anomaly because of a higher background SST (e.g., Kug et al. 2009 ). As such, the SST anomaly for the CP La Niña can induce stronger atmospheric response than that for the EP La Niña. Another difference in the moist convergence anomaly is that a more precipitation belt elongates northeastward from the Philippine Sea to the CP during the CP La Niña episode. The CMAP precipitation is also examined to investigate the convection anomalies for these two types of La Niña compositions after 1979 and their difference is similar to that indicated by the divergence of water vapor except for the region of the northwestern tropical Pacific (Fig. 4 ).
Atmospheric responses over NA and WE
The contrast in the tropical atmosphere anomalies, in association with different SST anomaly patterns of the two types of La Niña, may result in large differences in the extratropical circulation and thus regional climate. In this paper, we focus on the climate response over the NA-WE sector, in particular on their potential impacts on the NAO associated with these two types of La Niña since it is the dominant climate variability mode over the NA-WE sector. In general, ENSO events reach their peaks during late autumn and winter, however, the associated climate impacts over the NA and WE region are found to be significant during late winter (Gouirand and Moron 2003; Knippertz et al. 2003; Brönnimann et al. 2007b) . To illustrate the seasonality of the ENSO signal, the NAO index is defined as the difference in the normalized monthly sea level pressure (SLP) regionally zonal-averaged over the NA-WE sector from 80°W to 30°E between 35°N and 65°N (Li and Wang 2003) . This simple NAO index is demonstrated to well describe the spatial-temporal characteristics associated with NAO (Li and Wang 2003) . For the EP La Niña, the NAO index appears to be at a normal state in ND(0) (Fig. 5) . During the JFM(1) period, a negative value corresponds to a negative NAO-like pattern indicative of a high pressure anomaly in the mid-latitude and a low pressure anomaly in the subtropics. This configuration is reversed from AM(1). For the CP La Niña, the atmospheric response in N(0) is characterized by a weak negative NAO-like pattern. The revised sign of the NAO index in following 3 months is manifested by a positive NAO-like pattern, demonstrating a low pressure anomaly to the north and a high pressure anomaly to the south (Fig. 5) . As shown in Fig. 5 , an opposite sign of the atmospheric response is observed in winter for the two types of La Niña, and the difference is most evident in JF(1). To detect the robust signal, we shall hereafter define ''winter'' as the JF period when investigating the atmospheric responses over the NA-WE sector to the two types of La Niña. The ''winter'' can also be defined by D(0)JF(1), and even D(0)JFM(1) or JFM(1), and the qualitative conclusion is unchanged. One prominent teleconnection associated with ENSO events has been referred to as the PNA pattern (a) (b) Fig. 3 Composites of SST anomalies (shading and contours in°C) and surface wind anomalies (vectors in m/s) during DJF for a EP La Niña, and b CP La Niña. The SST anomalies that are not significant at the 95 % level are not shown. Contour interval is 0.5°C and zero contours are omitted. Only values above 0.6 m/s are shown for surface wind anomalies accompanied by an intensified Aleutian low during ENSO warm phase. Corresponding to the ENSO cold phase, a positive SLP anomaly covers the North Pacific indicating a weakened Aleutian Low during both types of La Niña events (Fig. 6a, b) . Compared to the EP La Niña composite, the significantly positive SLP anomaly is slightly shifted southeastward for the CP La Niña composite. However, their differences in SLP are pronounced over the NA-WE sector. During winter for the EP La Niña, a significantly high pressure anomaly to the north and a significantly low pressure anomaly to the south elongate zonally from the central North Atlantic to Europe (Fig. 6a) . This SLP anomaly response resembles the negative NAO-like pattern. Nevertheless, the signal of the CP La Niña is roughly opposite to that of the EP La Niña. A significant low (high) pressure anomaly to the north (south) extends zonally from the western to eastern NA (Fig. 6b) , which corresponds to a positive NAO-like pattern.
As indicated by the composite geopotential height at 300 hPa (Fig. 6c, d) , the similar anomaly pattern in the lower troposphere can also be detected in the upper troposphere over the North Pacific and NA-WE regions. The barotropic features are shown in the atmospheric response to the two types of La Niña over the mid-latitude regions. The result is consistent with the previous study (Ting 1996) , in which it is pointed out that the tropical heating (a) (b) Fig. 4 Composites of vertically integrated moisture divergence (shading and black contours in mm/day) and CMAP precipitation (pink contours in mm/day) during DJF for a EP La Niña, and b CP La Niña. Shading presents values exceeding the 90 and 95 % confidence level. Black and pink contour intervals are 1 and 2 mm/day, respectively. Zero contours are omitted can cause a barotropic response in the atmospheric circulation over the extratropics. It is suggested that the subtropical jet is of importance in bridging the ENSO and NAO teleconnection (Graf and Zanchettin 2012) . Here, the composite zonal wind anomalies at 200 hPa are displayed to investigate the change in jet stream for the two types of La Niña (Fig. 7) . In association with the EP La Niña, the zonal wind anomalies at 200 hPa over the North Pacific exhibit a tripolar structure and tilt slightly southeastward (Fig. 7a) . In the mid-latitude of the North Pacific, significantly negative anomalies suggest a weakening East Asia subtropical jet. These anomalies elongate zonally from the western Pacific and stay west of 60°W. Almost opposite anomaly structure in 200 hPa zonal wind emerges over the NA. The Atlantic jet is significantly weakened indicated by a negative anomaly in zonal wind at 200 hPa (Fig. 7a ), corresponding to a negative NAO-like atmospheric response (Fig. 6a, c) . During the CP La Niña, a similarly tripolar structure in 200 hPa zonal wind anomalies appears over the North Pacific, however, the location is displaced equatorward. The anomalies elongate zonally from the North Pacific and extend far eastward to the NA. The Atlantic jet is significantly strengthened and extends farther eastward reaching WE, which corresponds to the positive NAO-like atmospheric anomalies as shown in Fig. 6b, d . It can be seen that the two types of La Niña could lead to a roughly opposing response in the Atlantic jet, consistent with an opposing NAO-like pattern over the NA (Figs. 5, 6 ).
Many studies have demonstrated that the NAO contributes significantly to surface temperature and precipitation over the WE during winter (see the review of Jones et al. 2003) . The approximately opposing atmospheric responses to the two types of La Niña over the NA may result in diametric climate anomalies over WE. As expected, the anomalies in surface air temperature and precipitation show very different patterns (Fig. 8) . During the EP La Niña winter, the weakened Atlantic jet associated with the negative NAO phase tends to transport unusually cold and dry air to WE. Thus a winter occurs over WE that is colder than normal, where the anomalous surface air temperature can reach -2°C (Fig. 8) . Simultaneously, the precipitation is reduced in most regions of WE, whereas the southwestern region including Spain and Portugal receives excessive precipitation, which is likely associated with the strengthened zonal wind to the south of the Atlantic jet (Fig. 7a) . In comparison, WE experiences a warmer than normal winter during the CP La Niña winter. This is because that the enhanced Atlantic jet across the NA related to the positive NAO phase tends to transport relatively warm and moist air to WE. The precipitation anomalies are characterized by a dipolar structure with increasing (decreasing) over northern (southern) WE. As demonstrated in Fig. 8 , WE experiences a very different climate anomalies corresponding to the two different types of La Niña. Therefore, it is necessary to consider the two types of La Niña events when understanding their climate impacts.
Mechanisms for the contrasting impacts over NA-WE of two types of La Niñ a
According to the observed analyses above, different SST anomaly patterns during the two types of La Niña are possibly responsible for the approximately opposing NAOlike atmospheric anomalies. To verify it, four experiments were designed and performed, which has been described in Sect. 2. Figure 9 shows the SLP responses to the EP_COOL, CP_COOL, CP_WARM, and CP_CW forcings relative to the CNTRL run. In the EP_COOL simulations, the imposed tropical SST cooling induces a weakened Aleutian Low and a negative NAO-like atmospheric anomaly indicated by a high SLP anomaly to the north and a low SLP anomaly to the south of the North Atlantic (Fig. 9a) . These anomalies closely resemble the observed EP La Niña composition (Fig. 6a) . Under the CP_COOL forcing, a positive SLP anomaly appears over the North Pacific and a positive NAO-like atmospheric response occurs over the North Atlantic (Fig. 9b) . These features agree well with the observed anomaly patterns during the CP La Niña winter (Fig. 6b) . Similarly anomalous patterns are also simulated in the upper troposphere over the North Pacific and North Atlantic (Fig. 10a, b) . Consistent with the observations, different cooling SST anomaly patterns for the two types of La Niña can cause similar responses of the Aleutian Low, but they trigger roughly opposing NAOlike atmospheric responses. Previous studies (e.g., Li et al. 2006 ) have discussed importance of the western Pacific warming. Here, the CP_WARM experiment is conducted to inspect possible impacts of the western Pacific warming on the North Atlantic atmosphere. As shown in Figs. 9c and 10c , circumglobal wave train is displayed, suggesting that the CP_WARM has a minor impact on the positive NAO-like atmospheric response for the CP La Niña. We also consider (Figs. 9d, 10d ), which are largely the same as those of the CP_COOL forcing. In addition, many studies reported that the tropical Pacific heating have effects on the tropical Atlantic SST anomaly (Wolter 1987; Curtis and Hastenrath 1995; Gallego et al. 2001; Alexander et al. 2002; Huang et al. 2002) , which is argued to affect the North Atlantic atmosphere (e.g., Watanabe and Kimoto 1999; Robertson et al. 2000) . Therefore, the tropical Atlantic SST may serve as a mediator to link the tropical Pacific SST anomaly and the NA atmosphere. In order to examine the possible effects of the tropical Atlantic SST, Fig. 3 also presents the SST and surface wind anomalies over the Atlantic during the two types of La Niña winters. For the EP La Niña, almost no significant SST anomalies are observed over the tropical Atlantic but the SST warming over the eastern NA is robust (Fig. 3a) . The warm SST anomaly is arguably due to the cyclonic circulation and the associated easterly wind anomalies, which could weaken the strong background westerlies and thus the local evaporation. In contrast to the EP La Niña, there appear significantly cold SST anomalies over the northern tropical Atlantic and warming SST anomalies over the western NA during the CP La Niña winters (Fig. 3b) . In accordance with the SST anomaly pattern, an unusually anticyclonic circulation occurs over the NA. Over the western mid-latitude Atlantic, the anomalous southeasterlies can possibly pile up the surface warm water and lead to increase in the SST there (Fig. 3b) . The SST cooling in the tropical Atlantic could also be regarded to be a consequence due to the strengthened easterlies and thus evaporation through wind-evaporation-SST feedback.
Here, another series of experiments (AT_COOL) are performed to inspect the possible effect of the cooling SST anomaly over the northern tropical Atlantic during the CP La Niña winter. Figure 11a , c show the atmospheric responses at the lower and upper troposphere in the AT_COOL simulations relative to the control run. The AT_COOL forcing can trigger positive NAO-like atmospheric anomalies, suggesting that the cooling SST anomaly at the northern tropical Atlantic Ocean has contribution to the NA atmospheric anomaly during the CP La Niña event. However, the Aleutian Low is strengthened under the forcing of the AT SST anomaly, implying the dominant forcing effect from the tropical Pacific rather than the local SST. Furthermore, we conducted another experiment (CPAT_COOL), in which the CP_COOL and AT_COOL forcings are imposed together. As shown in Fig. 11b, d , the Aleutian Low is weakened and positive NAO-like atmospheric anomalies occur under the CPAT_COOL forcing. The atmospheric responses resemble closely those of the CP_COOL and CP_CW forcings, but with a slight improvement in the NA-WE region compared to the observed pattern (Figs. 6b, d, 9b, d, 10b, d, 11b, d) . It can be seen that the AT_COOL forcing has some contribution on the local atmospheric anomalies. A series of modelling experiments discussed above suggest that the two types of La Niña have different impacts on the NA-WE atmosphere through the atmospheric teleconnection. The tropical Atlantic SST anomalies associated with the CP La Niña also have effects on NA atmospheric anomalies. Although the simulated experiments suggest that the contrasting atmospheric anomalies in the NA are mainly attributed to different cooling SST anomaly patterns for the two types of La Niña, dynamical mechanism addressing how the tropical SST influences the NA-WE atmosphere is still an open question. The atmosphere over the North Pacific is usually argued to be linked to the tropical Pacific heating and the NA-WE atmosphere anomalies (e.g., Wu and Hsieh 2004; Li and Lau 2012) . The North Pacific anomalies could modify local mean flow and standing waves, which possibly propagate downstream to the North Atlantic and leads to different NAO-like atmospheric responses. There exhibits a nonlinear relationship between the atmospheric anomalies over the North Pacific and NA. For example, Castanheira and Graf (2003) demonstrated that a significantly negative correlation could be detected between the SLP over the North Pacific and the NA only when the polar vortex is strong enough. Recently, the subtropical jet is also emphasized to act as an ''atmospheric bridge'' to connect the tropical Pacific heating and NA-WE atmospheric anomalies (Graf and Zanchettin 2012) . Further studies are required to understand the mechanisms behind the contrasting atmospheric anomalies over the Atlantic Ocean with these two types of La Niña.
6 Discussion: Asymmetry in influences of ENSO on climate over the NA-WE sector An investigation discussed above shows that the two types of La Niña have roughly opposing impacts on the atmosphere over the NA-WE sector. A significantly negative (positive) NAO-like pattern is observed during the EP (CP) La Niña winters. The previous study (Graf and Zanchettin 2012) have compared the climate impacts associated with the EP and CP El Niño events and suggested that the two types of El Niño lead to distinctly different atmospheric responses over the NA-WE region. It is found that a significantly negative NAO-like pattern occurs over the NA-WE region during the CP El Niño winter, whereas no apparent signal is found there during the EP El Niño winter.
To clearly inspect the symmetry between the warm and cold phases of ENSO, Fig. 12a , b display the relationship between NAO and the two types of ENSO, respectively. Following the study of Graf and Zanchettin (2012) , EP El Niño events identified are 1951 , 1957 , 1965 , 1972 , 1976 , and 1997 and CP El Niño events selected are 1968 , 1977 , 1986 , 1994 . Some El Niño events are excluded in their definition because concurrent volcanic eruptions also have an important impact on the mid-latitude climate (Graf and Zanchettin 2012) . The SST anomaly over the Niño3 region is used to denote the EP ENSO events since the dominant SST anomaly is confined to the eastern equatorial Pacific. Similarly, we referred to the Niño4 index as the CP ENSO events considering their SST anomaly occurring mainly over the central equatorial Pacific.
As shown in Fig. 12a , a negative NAO index appears in most of the EP La Niña winters. Their composite NAO index reaches -2.1, which is statistically significant at the 95 % confidence level. However, four out of six EP El Niño events are in favor of occurrence of a negative NAOlike pattern, and another two events correspond to a positive NAO-like pattern (Fig. 12a ). Their composite result shows a weak negative NAO index, which is not significant at the 95 % confidence level. It is consistent with the previous study (Graf and Zanchettin 2012) suggesting that the atmospheric response to the EP El Niño over the NA-WE region seems to be originated by chance. As a consequence, the EP El Niño effect on NAO seems to be asymmetric to the EP La Niña effect during winter.
Unlike the EP ENSO events, the CP ENSO events exhibit linearity in their climate impacts over the NA-WE sector (Fig. 12b) . Six out of seven CP La Niña events tend to result into a positive NAO-like atmospheric anomaly, whereas five out of six CP El Niño events are in favor of occurrence of a negative NAO index. Their compositions are both significant at the 95 % confidence level, indicating that the NA-WE atmospheric anomalies during the CP ENSO winters are most likely not due to chance. It can be seen that the NA-WE atmospheric response to the CP SST anomaly is very different from that to the EP SST anomaly. Figure 13 displays the relationship between the NAO index and tropical SST anomaly indicated by the linear correlation. As shown in Fig. 13 , the NAO index is significantly correlated with the CP SST anomaly near 150°-180°W. It (a) (b) Fig. 12 suggests that a positive SST anomaly over the CP is usually accompanied by a negative NAO-like atmospheric anomaly, and vice versa. However, there is no significant correlation between the NAO index and the EP SST anomaly.
Only the linear part of the relationship can be examined in correlation analysis. The signal of the EP La Niña over the NA-WE region is easily overlooked using a correlation analysis. It is a possible reason that the traditional (or EP) ENSO signal is difficult to be detected in the North Atlantic and its adjacent land. Other methods such as composition need to be used to detect the nonlinear relationship. However, the physical mechanisms are not clear for the asymmetry and deserve study in future.
Conclusions
Similar to the El Niño phenomena discussed previously, this study has shown that the La Niña should be classified into two types (i.e., the EP and CP La Niña) considering their distinctly different climate impacts. The EP La Niña is characterized by the cooling SST anomaly center confined to the EP east of 150°W and relatively weak SST anomaly observed over the CP. By contrast, the SST anomaly center associated with the CP La Niña is shifted westward into the CP west of 150°W and small cooling SST anomaly is found over the EP. The two types of La Niña exhibit very different features in the SST anomaly evolution. For the EP La Niña, the SST anomaly starts in the EP and propagates westward during the developing and mature phase, while the CP La Niña shows a standing feature with its SST anomaly developing and decaying in situ over the CP. These differences in zonal location of SST anomaly and their evolutions suggest the possibility in different underlying dynamics. Although the two types of La Niña can produce a similar response in the atmosphere over the north Pacific, distinctly different teleconnection patterns are found over the NA-WE sector. For the EP La Niña, the NA-WE region experiences the climate anomalies resembling a negative NAO pattern accompanied by a weakening Atlantic jet. This weakening jet tends to inhibit a strong transportation of warm and moist air from the Atlantic sea and cause a cooler and drier than normal winter over the WE region. However, roughly opposing atmospheric anomalies appear over the NA-WE sector during the CP La Niña winter, which seems like a positive NAO phase with strengthening Atlantic jet. The strong jet tends to bring more warm and moist air from the sea to the WE area and results into a warmer and wetter than normal winter there. A series of modeling experiments indicate that the contrasting NAOlike patterns are mainly attributed to different cooling SST patterns for two types of La Niña. The analyses provided here have shown that it is necessary to separate the La Niña (a) (b) Fig. 14 Composites of SST anomalies (shading and contours in°C) during autumn (SON) for a EP La Niña, and b CP La Niña. The SST anomalies that are not significant at the 95 % level are not shown. Contour intervals are 0.5°C and zero contours are omitted into two types considering their different SST anomaly location and evolution, and especially, very different climate impacts over the extratropics.
Although ENSO events usually reach their mature phase in winter, the associated strong SST anomaly pattern is clearly observed during the preceding autumn. As shown in Fig. 2 , the La Niña events tend to intensively develop from August to December and decay in the following months, which has also been mentioned by previous studies (e.g., Larkin and Harrison 2001) . Figure 14 displays the composite SST anomaly corresponding to the two types of La Niña during the developing autumn (September-November). The SST anomaly structure and intensity in the autumn is similar to those in the winter, indicating that the related SST anomaly signal in the mature phase can be obviously observed in the autumn. If the SST signal of La Niña is observed over the equatorial Pacific during the autumn, we easily expect that the La Niña event would persist into winter. It provides a potential predictability source for predicting the NA-WE climate anomalies at least a season in advance based on the strong cooling SST anomaly at the equator.
